Abstract Poisoning is the second leading cause of injuryrelated fatality in the USA and the leading cause of cardiac arrest in victims under 40 years of age. The study objective was to define the electrocardiographic (ECG) predictors of adverse cardiovascular events (ACVE) complicating suspected acute poisoning (SAP). This was a case-control study in adults at three tertiary-care hospitals and one regional Poison Control Center. We compared 34 cases of SAP complicated by ACVE to 101 consecutive control patients with uncomplicated SAP. The initial ECG was analyzed for rhythm, intervals, QT dispersion, ischemia, and infarction. ECGs were interpreted by a cardiologist, blinded to study hypothesis and case data. Subjects were 48% male, with mean age 42±19 years. In addition to clinical suspicion of poisoning in 100% of patients, routine toxicology screens were positive in 77%, most commonly for benzodiazepines, opioids, and/or acetaminophen. Neither the ventricular rate, the QRS duration, nor the presence of infarction predicted the risk of ACVE. However, the rhythm, QTc, QT dispersion, and presence of ischemia correlated with the risk of ACVE. Independent predictors of ACVE based on multivariable logistic regression were prolonged QTc, any non-sinus rhythm, ventricular ectopy, and ischemia. Recursive partitioning analysis identified very low risk criteria (94.1% sensitivity, 96.2% NPV) and high risk criteria (95% specificity). Among patients with SAP, the presence of QTc prolongation, QT dispersion, ventricular ectopy, any non-sinus rhythm, and evidence of ischemia on the initial ECG are strongly associated with ACVE.
Introduction
Although poisoning is an infrequent cause of cardiac arrest in elderly patients, it is the leading cause of cardiac arrest in patients <40 years of age [1] [2] [3] [4] . There are over two million suspected acute poisonings (SAP) reported to Poison Control Centers in the USA each year [1] . Poisoning, defined as exposure to any drug, chemical, or toxin that results in injury, is the second leading cause of injuryrelated fatality in the USA behind only motor-vehicle collisions [3] . Many recommendations for the emergency cardiovascular care of poisoned patients are based on expert consensus, not scientific evidence [4] . Additionally, because standard guidelines for emergency cardiovascular care may not be optimal for the management of acute poisoning and overdose, urgent consultation with a medical toxicologist or regional Poison Control Center is recommended by the American Heart Association, the American Academy of Clinical Toxicologists, and the American College of Emergency Physicians, for patients with cardiovascular toxicity [4] [5] [6] . In-hospital adverse cardiovascular events (ACVE) frequently complicate poisoning and include myocardial injury [7] [8] [9] [10] [11] , shock [12] , dysrhythmias [13] [14] [15] [16] [17] [18] , and cardiac arrest [4, [19] [20] [21] . We conducted the present study to define the electrocardiographic (ECG) factors associated with ACVE in poisoning, with emphasis on analysis of the QT interval. We hypothesized that occurrence of ECG abnormalities, including QTc prolongation and increased QT dispersion (QTD), would correlate with elevated risk of ACVE in patients with SAP.
Materials and Methods
In a case-control study, we first prospectively identified 34 cases of ACVE complicating SAP among referrals to one Poison Control Center over the 12-month period between July 1, 2006 and June 30, 2007 . ACVE was defined as a composite endpoint that included shock (hypotension with vasopressor requirement), myocardial injury (elevation of serum cardiac troponin on at least one measurement), ventricular dysrhythmia (ventricular tachycardia or ventricular fibrillation), and cardiac arrest (loss of pulse requiring cardiopulmonary resuscitation). We then prospectively evaluated the records of 101 consecutive patients presenting to the emergency department with SAP who were severe enough to warrant bedside consultation with the medical toxicology service but were not complicated by ACVE.
The regional Poison Control Center involved in the study is an urban referral center with an annual referral volume of approximately 45,000 cases. The medical toxicology service affiliated with the Poison Control Center serves three teaching hospitals with an annual consult volume of approximately 500 cases. The study protocol was approved by the Institutional Review Boards of the New York City Department of Health and Mental Hygiene as well as the New York University School of Medicine with waiver of informed consent.
Selection of cases was from Poison Control Center referrals during the study period who suffered at least one ACVE (as defined above). Patients who suffered ACVE prior to the initial ECG were not included in the study (n=3). Exclusion criteria were absence of an available copy of the presentation ECG, ocular or dermal exposures, withdrawal syndromes, and significant trauma or burns.
The protocol for case follow-up was daily telephone follow-up obtained by a team of rotating house staff and clinical fellows per routine Poison Control Center protocol. Upon occurrence of an ACVE, a fax copy of the presentation ECG was obtained by a study investigator and subsequently de-identified for later review.
Selection of control patients was from consecutive patients presenting to the Emergency Department (ED) with SAP who were severe enough to warrant bedside consultation with the medical toxicology service but were not complicated by ACVE. Control patients were referred from the EDs of three urban university teaching hospitals to ensure complete and valid collection of data. All controls underwent consultation from the Poison Control Centeraffiliated medical toxicology service consisting of at least one clinical fellow supported by a board-certified medical toxicologist. Exclusion criteria were the same as that for cases (see above).
All control patients had evaluation for SAP including bedside history, physical examination, and performance of an ECG on presentation. A de-identified photocopy of the ECG was saved for further review.
Standardized data collection was obtained by a single trained abstractor who was blinded to final cardiologist interpretation of ECGs at the time of abstraction. Sources of data included Poison Control Center electronic records, consultation notes, and hospital medical records. Using a standardized data collection instrument, demographics (age, gender), history of exposure (intent, timing, toxin, etc.), and initial vital signs were recorded. In addition to confirmation of exposure by history, laboratory confirmation of exposures using routine toxicology screens was recorded, if available.
All 12-lead ECGs were performed during the initial ED presentation using a standard paper speed of 25 mm/s with standard lead positions. ECGs were interpreted by a cardiologist who was blinded to the study hypothesis and case data. Using a copy of the original ECG, evaluation of the initial rhythm and intervals, as well as the presence or absence of ventricular ectopy, ischemia (based on the presence of ST segment changes or T wave abnormalities in two or more adjacent leads), infarction (based on the presence of Q waves in two or more adjacent leads), and an R wave >3 mm in lead AVR (R avr ) was performed [22] .
QT interval was measured from the beginning of the QRS complex to the end of the T wave (defined as the return to T-P baseline). When U waves were present, the QT interval was measured as the nadir of the curve between T and U waves. QT intervals were corrected for heart rate (QTc) using the computer-generated value from Bazett's correction equation (QT/RR 1/2 ). "Long QTc" was defined using standard criteria as QTc ≥470 ms in females and ≥450 ms in males [23] . Additionally, a QTc cutoff of ≥500 ms regardless of gender was evaluated based on prior data suggesting utility of this cutpoint to predict adverse cardiovascular outcomes [24, 25] . QTD was defined as the difference between the longest and the shortest QT interval on a 12-lead ECG according to the optimal technique described by Malik and colleagues and was determined manually by a blinded cardiologist [26] . To ensure validity of QTD measurements, a random sampling of 10 ECGs underwent independent QTD interpretation by a second study investigator, and interrater reliability was assessed with kappa statistics. A QTD cutoff of 50 ms was chosen based on cutpoints previously derived in the available literature [26] .
Descriptive statistics were performed when appropriate. Continuous variables were analyzed with the independent sample Student t test for parametric data. Categorical variables were analyzed using the chi-squared test or Fisher's exact test when appropriate. Receiver operating characteristics (area under the curve or c statistic) of QT interval measurements (QTc, QTD) were analyzed and plotted. Odds ratios (OR) and 95% confidence intervals (CI) were calculated by univariate analysis. Significant variables from univariate analysis were included in a multivariable model, and logistic regression analysis was performed. Independent predictors from the logistic regression were used as dichotomous variables for recursive partitioning analysis to develop a risk stratification algorithm. All tests were two-sided, and a p value <0.05 were considered statistically significant. With an estimated 30% prevalence of prolonged QT in our control subjects [15, 23, 27] , we estimated that the present study (101 controls, 34 cases) could detect a 2-fold increased risk effect from the predictor variable with 83.3% power and 3-fold increased risk with 100% power. Analyses were performed by SPSS version 14.0 (SPSS Inc., Chicago, IL) and STATA version 8.2 (STATA Corp., College Station, TX) software packages.
Results
Over the 12-month study period, 34 cases of ACVE (referred to the Poison Center from 18 hospitals) were compared to 101 control subjects (from the three Poison Center-affiliate base hospitals). Out of 34 cases, there were 19 patients with shock, 16 patients with myocardial injury, nine patients with dysrhythmias, and 15 patients with cardiac arrest (some cases had more than one outcome). Subjects were 48% male with a mean age of 42±19 years. Cases were significantly older (t test p<0.05) and had higher proportions of subjects with age over 55, hypertension history, and presentation of multidrug overdose (chi-squared p<0.05). Baseline clinical characteristics of study subjects are summarized in Table 1 .
In addition to history and clinical suspicion of at least one toxic exposure in 100% of patients, there was laboratory confirmation of at least one toxic exposure obtained in 77% of study patients. By history, the most common exposures were benzodiazepines (23 exposures, 17% of patients), opioids (21 exposures, 16% of patients), and acetaminophen (20 exposures, 15% of patients). There were 82 (61%) single exposures, of which the most common were acetaminophen (10 single exposures, 12% of patients), alcohols (eight single exposures, 10% of patients), and opioids (eight single exposures, 10% of patients). The only exposure class that was significantly associated with ACVE was opioids (OR 3.0, 95% CI 1.1-7.9, p=0.025). Further information about the most common exposures is summarized in Table 2 .
ECG variables for cases and controls are summarized in Table 3 . Sinus rhythm was the most common presenting rhythm in both groups. The most common abnormal presenting rhythm was ventricular ectopy and that was observed in 26% of the cases and 9% of the control patients (p<0.01). Cases were more likely to have ECG evidence of ischemia (p<0.01), but evidence of infarction was nonsignificant. There was no difference in mean QRS duration between cases and controls. QTc interval was highly associated with ACVE using continuous (p=0.02, see Fig. 1 ) and categorical variables for long QTc (p=0.02) and QTc cutoff >500 ms (p<0.01), observed in 68% and 41% of cases, respectively. QTD (see Fig. 2 ) was also highly associated with ACVE with a cutoff >50 ms (p= Inter-observer agreement of the ability to reliably distinguish QTD >50 ms was verified using 10 randomly selected ECGs (k=1.0, 95% CI 1.0-1.0). As a secondary analysis, ECG variables were analyzed for associations with individual components of the ACVE composite endpoint and the narrowed endpoint of just cardiac arrest or dysrhythmia. ECG findings associated with the narrowed endpoint (i.e., cardiac arrest or dysrhythmia), in ascending order of strength of association, were QRS>120 ms (p<0.05, OR=4.0), QTc>500 ms (p<0.01, OR=5.5), ectopy (p<0.01, OR=7.5), and non-sinus rhythm (p<0.01, OR=10.5). The ROC area under the curve (ctatistic) to predict the narrowed endpoint (i.e., cardiac arrest or dysrhythmia) for QRS (c=0.66, p<0.05) and QTc (c= 0.67, p<0.05) were also significant, while QTD only approached significance (c=0.64, p=0.07). ECG findings (e.g., QTc, QRS) associated with individual components of the ACVE composite outcome (i.e., shock, dysrhythmia, myocardial injury, cardiac arrest) are summarized in Table 4 .
ROC curves for the ability of QTc and QTD to predict ACVE are represented in Figs. 3 and 4, respectively. Areas Table 5 . The multivariable model included significant factors from univariate analysis (see Table 6 ), including non-sinus rhythm (p<0.01), ectopy (p<0.01), QTc>500 ms (p=0.02), ischemia (p<0.01), prolonged QTc (p<0.01), and QTD>50 ms (p= 0.02). Independent predictors of ACVE using adjusted odds ratios (OR) included the following: ectopy (OR 3.4, CI 1.0-13.4), non-sinus rhythm (OR 4.1, CI 1.3-9.7), QTc>500 ms (OR 3.5, CI 1.3-9.4), long QTc (OR 3.1, CI 1.1-8.4), and evidence of ischemia (OR 3.5, CI 1.3-9.7).
Using independent predictors of ACVE (as dichotomous variables) based on the logistic regression (above), recursive partitioning analysis was performed for derivation of a decision tree to risk-stratify for ACVE. The number of decision nodes was predefined to a maximum of five or until ACVE risk was less than 5% in the final node. Presence of ectopy was a high-risk feature (ACVE in 9/14 Fig. 2 Association of QT dispersion with ACVE. This figure demonstrates a box-plot of 12-lead QT dispersion for patients with ACVE (cases) and controls. The box-plot represents the median, 25th and 75th quartiles, range, and outlying data points by a horizontal line, a box, vertical line, and dots, respectively. *Mean QTD was analyzed using the Student's t test Fig. 5 .
Discussion
In this study, several characteristics of the presentation ECG were associated with in-hospital ACVE in patients with SAP. More specifically, analysis of the presenting rhythm, the QTc interval, and evidence of ischemia were the most useful for risk stratification. These findings demonstrate the clinical utility of the presentation ECG in the evaluation of patients with acute poisoning. The risk factors found to be most useful in this analysis were ectopy, non-sinus rhythm, QTc>500 ms, long QTc, and evidence of ischemia. These findings add substantially to the existing literature regarding the utility of the presentation ECG in the evaluation of acute poisoning. According to recently published guidelines from the American Heart Association, the approach to patients with symptoms of myocardial injury and a history of drug or toxin exposure should differ in both diagnostic evaluation and therapeutic management [10] . However, such guidelines currently rely upon expert consensus due to lack of adequate tools to risk-stratify poisoned patients. Our data address this deficiency by suggesting that the presentation ECG may aid prediction of cardiovascular complications in the setting of poisoning. This is the first study to our knowledge evaluating the use of the ECG to evaluate a diverse sample of patients with heterogeneous poisonings. We derived stratification criteria based on the initial ECG (ventricular ectopy, any non-sinus rhythm, and QTc prolongation) that estimate risk of ACVE on the basis of features of the initial ECG. If validated prospectively, these estimates of risk may help in making rational decisions about the appropriate level of medical care for patients with suspected poisoning.
Remarkably, little is known about the ECG predictors of cardiovascular complications in acute poisoning. It is thought that drug-induced vulnerability to ventricular dysrhythmias may be detected electrocardiographically by examination of the QT interval duration [18, 26] . QT prolongation pharmacologically occurs via three predominant mechanisms: slowed recovery from inactivation of Na + channels [16] , delayed inactivation of Na + channels [27, 28] , and K + channel (e.g., rapid potassium rectifier current, or I Kr ) blockade [29] . Detailed animal experiments show that prolongation of ventricular repolarization is a prerequisite for some ventricular dysrhythmias, particularly torsade de pointes (TdP) [30] .
The QT interval has long been noted to vary among the individual 12 surface leads of the ECG, but increased inhomogeneity may occur during toxic exposures that alter repolarization timing. Through the development of conduction blocks and changes to the refractory periods within the atria and ventricles, increased dispersion of repolarization produces a myocardial substrate which is vulnerable to afterdepolarizations that can "trigger" lethal dysrhythmias [31] [32] [33] . Toxins that increase the dispersion of repolarization typically do so The cutpoint that maximized the sum of sensitivity and specificity was 504 ms. ACVE adverse cardiovascular events; CI confidence intervals; ROC receiver operating characteristics non-uniformly across the myocardium [34] . This phenomenon likely relates to the varying ion channel distribution within different myocardial layers and the dissimilar effects of toxins on these ion channels. The ECG metric typically used for detection of changes to the homogeneity of repolarization is measurement of QTD [26, 33] .
Our data did not demonstrate an association between the QRS interval and ACVE; however, the secondary analysis did show an association between QRS >120 ms and VT/VF alone (p<0.01, see Table 4 ). Previously, QRS >160 ms and the presence of R avr were demonstrated to predict dysrhythmia in patients with tricyclic antidepressant poisoning [13, 22, 35] . In contrast, we were unable to confirm the previous association between QRS duration and R avr with our primary outcome (i.e., ACVE). It should be noted that those associations exist in known TCA overdose, whereas the present study was designed for a heterogeneous group of suspected acute poisoning. Our data should in no way dissuade use of QRS duration and R avr to risk-stratify patients with known or suspected tricyclic toxicity.
Ectopy on the initial ECG was present in 26% of cases, one of the strongest ECG associations with ACVE (p< 0.001), and conferred significantly increased odds of ACVE (OR 3.4, CI 1.01-13.4) in the adjusted analysis. To investigate the role of digoxin (a known cause of ectopy) to explain these findings, we evaluated the 14 subjects with ectopy and of these, compared the three subjects with digoxin toxicity (one case and two controls) with the other 11 subjects without digoxin toxicity (eight cases and three controls). Running a Fisher's exact test on this data revealed no significant difference between this proportion (p=0.53). Thus, digoxin toxicity may have Table 6 Multivariable model of electrocardiographic factors correlated with increased risk of adverse cardiovascular events in patients with suspected acute poisoning Unadjusted ORs are derived from univariate analysis and adjusted ORs are derived from multivariable logistic regression CI confidence interval; ECG electrocardiographic; ms milliseconds; OR odds ratio; QTD QT dispersion; ST ST segment; TW T wave a Long QT is defined as QTc ≥ 470 in females and ≥ 450 in males [34] . CI confidence interval; ms milliseconds; NPV negative predictive value; PPV positive predictive value; QTc corrected QT interval; QTD QT dispersion a The risk stratification is derived from recursive partitioning of independent predictors (see Fig. 5) b Test characteristics for the very low-risk group are reported here as presence of any one risk factor (ectopy, non-sinus rhythm, QTc≥500 ms, long QT) versus absence of all four caused ectopy in only one case subject and did not explain the predictive power of ectopy for ACVE. Further research is needed to define predictors of ACVE in poisoning. Because ACVE are remarkably difficult to predict among the large number of patients with SAP, there is uncertainty regarding the optimal utilization of hospital resources to monitor these patients. Often, patients assigned to monitored beds wait for prolonged periods of time in hospital EDs before monitored floor beds become available [36] . This situation leads to increased ED waiting times, overcrowding, and compromised patient care. Conversely, patients at risk for cardiovascular events may be admitted to unmonitored beds, transferred to an inpatient psychiatric service, or discharged home. Early risk assessment for poisoned patients is thus essential not only to prevent morbidity and mortality but also to improve hospital resource utilization.
Results of several large epidemiologic studies have yielded conflicting results about the relationship between QTc prolongation and sudden cardiac death [37] . In patients with cardiac disease, QTc prolongation predicts myocardial injury and TdP [24, 25] . Our data extend the predictive utility of QTc prolongation to a heterogeneous population of patients with suspected poisoning. In our population, we found that prolonged QTc as well as a QTc cutoff of ≥500 ms on the initial ECG were both independent predictors of ACVE. This finding must be tempered by the reported observation that the QT interval slightly increases with age [38] ; given that the proportion of cases over 55 years of age was significantly higher than controls (see Table 1 ), the age-related QT interval increase may have confounded these QT data away from the null hypothesis. However, in their study of age-related effects on QT interval, Mangoni et al. compared a group with mean age 74 to a group with mean age 50 and found a mean QTc difference of 6 ms [38] . In contrast, the present study found the mean difference in QTc between cases and controls to be much larger (25 ms); thus, age-related QT prolongation is unlikely to completely explain the findings of the present study. Furthermore, although we derived an optimal cutpoint of ≥504 ms based on this population, use of this cutpoint requires validation in prospective studies.
Risk stratification for sudden cardiac death using QTD is a Class III recommendation of the Task Force on Sudden Cardiac Death of the European Society of Cardiology, although its use has never been adequately evaluated in toxicology studies or in drug overdose literature [39] . In patients with cardiac disease, QTD predicts myocardial injury and cardiac death, as well as adverse cardiac events in patients with Long QT Syndrome [25, 40, 41] . We found that QTD was significantly associated with ACVE using univariate analysis, but it lost significance in the multivariable model. This may have been due to several factors such as covariance with QTc interval and/or effects of the Fig. 5 Risk stratification for adverse cardiovascular events in patients with suspected acute poisoning. Risk stratification scheme based on recursive partitioning analysis. *Long QTc was defined as ≥470 ms in females and ≥450 ms in males. 23 ACVE adverse cardiovascular events; ms milliseconds; QTc corrected QT interval heart rate as a confounder. Furthermore, ROC analysis of this data demonstrated that QTD performed no better than QTc as far as area under the curve (Figs. 3 and 4) and diagnostic test characteristics (Table 5) . Therefore, at this point, we cannot recommend routine calculation of the QTD for patients with suspected poisoning based on this study alone. Further studies evaluating QTD for suspected and confirmed poisoning are necessary to further investigate its potential utility.
Limitations There are several limitations that must be considered with the analysis of this dataset, including all the inherent limitations of the case-control study design. As this is the first controlled study to evaluate the role of the ECG in undifferentiated poisoning, we did not stratify patients according to mechanism of drug overdose; however, as the probability of ACVE may vary across drug class, this should be the subject of future study. Identification of cases may have been subject to selection bias based on the availability of telephone follow-up, the availability of faxed ECGs, and possible underreporting of referrals to the Poison Control Center [42] . Differences in the protocol for selection of cases and controls were used to generate sufficient numbers of cases with a relatively unbiased source of control subjects and may itself have biased the results; however, there were few significant differences in the baseline clinical characteristics between cases and controls so we believe this is unlikely to significantly impact on the results of the current analysis. Unfortunately, a larger sample was not available for this analysis to allow for perfect matching, but given the constraints of this dataset, we settled on having the match be simply suspected acute poisoning. Future studies are warranted to confirm and further explore the myriad hypotheses generated by this dataset and should aim for more complete matching of controls. Telephone follow-up is subject to reporting bias; however, this is more of a problem for misclassification of cases as controls, which in this study was unlikely to happen due to the sampling of controls from three Poison Center-affiliate base hospitals with bedside consultation and medical record availability. Routine, clinically indicated toxicology screens (both serum and urine) were used rather than specific, send-out confirmatory tests for each suspected exposure; while the presence of a positive routine toxicology screen is unlikely to affect clinical management, for research purposes, it adds credibility to the notion that the patient has suspected acute poisoning, especially in cases where the results are consistent with the clinical suspicion.
Limitations of ECG interpretation should also be considered in the analysis of this data. Interpretation of manually measured QT dispersion is subject to interobserver variation [26] . Despite this, there was excellent inter-observer agreement in a randomly selected set of ECGs with a second observer. A further limitation included lack of availability of previous ECGs for baseline interpretation which would have allowed interpretation of changes in QT interval from baseline.
Conclusions
ECG factors that correlate with increased risk of ACVE during SAP include QTc prolongation, QT dispersion, ventricular ectopy, non-sinus rhythm, and evidence of ischemia. Further prospective study of these criteria is necessary to validate a strategy for prediction of adverse outcomes in poisoned patients.
